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I. INTRODUCTION 

In a series of papers Brodsky and de Teramond developed a semiclassical approximation to QCD - light- 

front holography (LFH)-, an approach based on the correspondence of string theory in Anti-de Sitter (AdS) space 
and conformal field theory (CFT) in physical space-time [j| [l(|. Light-front holography is one of the exciting 

features of the AdS/CFT correspondence. The LFH approach is a covariant and analytic model for hadron structure 
with confinement at large and conformal behavior at short distances. It is analogous to the Schrodinger theory for 
atomic physics. It provides a precise mapping of the string modes $>(z) in the AdS fifth dimension z to the hadron 
light-front wave functions (LFWF) in physical space-time, in terms of the light-front impact variable £, which measures 
the separation of the quark and gluonic constituents inside a hadron. Therefore, different values of the holographic 
variable z correspond to different scales at which the hadron is examined. The mapping was obtained by matching 
certain matrix elements (e.g. electromagnetic pion form factor, the energy-momentum tensor) in the two approaches 
- string theory in AdS and light-front theory in Minkowski space-time. 

In order to break conformal invariance and incorporate confinement in the infrared (IR) region, two alternative 
AdS/QCD backgrounds have been suggested in the literature: the "hard- wall " ap proach [ll|-|19|. based on introducing 
an IR brane cutoff in the fifth dimension, and the "soft- wall" approach [H,[2(|-[37|, based on using a soft cutoff by 
introducing a background dilaton field in the AdS space or using a warp factor in the metric. 

Both approaches have certain advantages. One of the problems of the "hard-wall" scenario is a linear dependence 
of hadron masses with M ex L for higher values of the orbital momentum L instead of the quadratic behavior M 2 oc L 
(known as Regge trajectory). In fact, the "soft-model" was initiated in order to solve the problem of the hadronic 
mass spectrum. In Refs. [|f and [2(|-[37j the "soft-model" has been applied to different aspects of hadron properties, 
including the hadron and glueball mass spectrum, the heavy quark potential, form factors, deep inelastic scattering, 
etc. Notice that in the LFH approach both scenarios for AdS/QCD backgrounds ("hard- wall" and "soft- wall") 

are used in order to map the string modes to the LFWF restricting to the case of massless quarks. A generalization 
of the LFWF for massive quarks has been suggested by Brodsky and de Teramond, including quark masses explicitly 
in the LF kinetic energy XX^ii + m i)/ x i ( see details in Ref. |3j). The LFH approach has been successfully applied 

i 

to the description of the mass spectrum of meson and baryons (reproducing the Regge trajectories) , the pion leptonic 
constant, the electromagnetic form factors of pion and nucleons, etc. In Refs. [2^, [2!| an alternative soft- 

wall holographic model has been developed, which provides an extension to hadrons with an arbitrary number of 
constituents. In Ref. [3l| meson wave functions derived in these two approaches were discussed in the case of massive 
quarks. 

Notice that the LFH approach developed in Ref. uses the so-called "negative" dilaton field profile (e - ^ 2 ) with 

4>{z) — — k 2 z 2 ), which was necessary to produce a massless pion and the behavior of the gravitational potential. In 
this pap er we use the soft- wall approach with a "positive" dilaton field profile 4>{z) — k 2 z 2 , as suggested originally in 
Ref. [20l| . In the context of the original soft- wall model [2(J-[37j], the positive sign in the dilaton profile is important to 
reproduce the correct behavior of Regge trajectories for higher spin states. In fact, as stressed in a recent paper [37| . 
the two different signs of the dilaton fi eld p rofile are related to two different ways of introducing higher spin fields. On 
the other hand, as was shown in Refs. [lj [II [Mill, the pion appears massless in soft-wall models with a "positive" 
dilaton. Moreover, one of the outstanding features of the LFH approach is the LF mapping - matching of QCD 

LF dynamics with the corresponding string dynamics in AdS space. This was, for example, done in the case of the 
pion electromagnetic form factor (see details in Q). In particular, in the calculation of the pion form factor at large 
values of the Euclidean momentum squared it was shown that the dilaton should have apositive sign. 

In this manuscript we show that the use of the positive dilaton in the LFH approach is possible if we modify 

the mass term of the AdS^+i action. The proposed approach is applied to the study of the mass spectrum and decay 
properties of light and heavy mesons. In the case of the mass spectrum we include color Coulomb and hyperfine- 
splitting corrections. The paper is structured as follows. First, in Sec. II, we briefly discuss the basic notions of the 
approach. In Sec. Ill, we consider the mass spectrum and decay properties of light and heavy mesons. Finally, in 
Sec. IV, we summarize our results. 

II. BASIC APPROACH 

A. AdS action and Schrodinger equation of motion for mesons 

Our starting point is the action in AdS^+i spacetime for a spin- J field $j = ^m-l-.-Mj (x, z) - a symmetric, traceless 
tensor used in the LFH approach where we perform two modifications: 1) we use a positive dilaton profile 

<f>(z) = k 2 z 2 ; 2) we include a nontrivial z-dependence of the mass term coefficient [J, 2 — > n 2 (z) due to the interaction 
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of the dilaton field with the matter field: 

= J d d xdz^e-^ (d N $jd N $ J - f, 2 j(z) $j$A , (1) 

where n 2 (z) = \i j + gj(j>(z) is the "dressed" mass due to the interaction of the dilaton with $j. Note that a similar 
modification of the mass term of the string mode dual to the spinor field describing nucleons has been done in the 
context of the soft- wall model in Ref. [13]. The coupling constant gj will be fixed later in order to get a massless 
pion. The metric is defined as 

ds2 = (-) (Vvudx^dx" -dz 2 ), ^ = diag(l,-l,...,-l). (2) 

where R is the AdS radius, g = |det<7MJv| = (R/ z) 2 ( d+1 \ and gMN is the metric tensor of d + 1 space. 

Next we restrict to the axial gauge $ z ...(x, z) = 0. We consider the string modes dual to hadrons with total angular 
momentum J, four-momentum P and propagating in AdS space along the Poincare coordinates: 



(3) 



where v\ ■ ■ ■ vj are the Poincare indices, n is the radial quantum number and tfL... Vj (P) is the polarization tensor. 
Performing the substitution 

ip n j(z) = e 2 (-J 2 <f> nJ (z) (4) 
one can derive the Schrodinger-type equation of motion (EOM) for $„j(z): 

" ^2 + U ^ Z )} <"M Z ) = M nJ^nj(z) (5) 

where Uj(z) is the effective potential given by 

Uj(z) = K V + ^L_± + 2k 2 (bj - 1 ) (6) 



with 



aj = lV(d-2J) 2 + 4{njR) 2 , bj = \( g.jR 2 + d - 2J 



2 v v ; ^ J ' ' J 2 

Analytical solutions of Eq. ([5]) - eigenfunctions and eigenvalues are: 



(7) 



* n j(z) = J . r. n 1+aj z^' e-* 2 * 2 / 2 L a n >(K 2 z 2 ) (8) 

y [n + aj)\ 

and 

M 2 nJ = ^ 2 (n + a -±±^), (9) 

where 

'w^sM < 10) 

are the generalized Laguerre polynomial. 

Restricting to d — 4 with (/ijR) 2 = L 2 — (2 — J) 2 we fix the value gjR 2 — 4( J — i) in order to get a massless 

pion. Therefore, in the case d — 4 we get aj = L and bj — J, and the solutions of the Schrodinger-type equation 
read as: 



4 



and 

M 2 nJ = 4 K 2 (n+^-). (12) 

Here we do not divide the total angular momentum J into the quantum numbers of the quark-antiquark pair - 
orbital angular momentum L and internal spin S. Such a model ansatz was done in Refs. Because of J = L 

or J = L ± 1 the present soft-wall model generates linear Regge trajectories in both quantum numbers n and J 
(or L): M 2 j ~ n + J. Note that the string modes dual to the pseudoscalar J PC = 0~ + and scalar J PC = ++ 
mesons, and correspondingly the vector J PC = 1 and axial J PC = 1 ++ mesons, are different from each other 
(mass spectrum and wave functions) via the mass parameter of the string mode (/ijR) 2 , depending explicitly on the 
orbital momentum L. Inclusion of chiral symmetry breaking effects in the AdS action and their impact on the hadron 
properties will be analyzed in the future. 



B. AdS and light— front QCD correspondence 

The string mode Q n j{z) can be directly mapped to the LFWF due to the correspondence of AdS and light-front 
amplitudes. In particular, considering the case of two partons q\ and q 2 the holographic coordinate z is related to the 
impact variable £ in the LF formalism as 

z^C, C 2 = b\x(l - x) (13) 

where h± is the transverse coordinate and Fourier conjugate to the transverse momentum k^. In the massless case 
we obtain a relation between the AdS modes and the meson LFWF i\) qiq2 (x, £) [31]: 

l&xa(*. Ol 2 = P qiq2 x(l - aO/ W*"^' 2 , (14) 

where P qiq2 is the the probability of finding the valence Fock state \q1q2) in the meson M: 

1 

P qiq2 = JdxJ d 2 h ± \% iq2 ( Xl h ± )\ 2 < 1. (15) 


In the following we restrict to the case of P qi q 2 = 1 and only for the pion we consider P qiq2 < 1 (see discussion in 

Ref. [ll|). Here f(x) is the longitudinal mode which is normalized as J Q dxf 2 (x) = 1. In our case f(x) = 1. Then 
the expressions for the meson LFWFs read: 



2nl k 1+l 



% iq2 (x,b x ) = ^^-^ ^ \b ± \ L [x(l - x)} 1 -^ e -*« a *(i-*M L^ 2 blx(l - x)) . (16) 

The meson LFWF p6[) does not consider massive quarks. The inclusion of finite quark masses has been considered by 
us previously in [311 ] . In particular, the quark masses in the meson LFWF have been included following a prescription 
suggested by Brodsky and de Teramond |3|. Here we illustrate this procedure for the ground state LFWFs. First one 
should take the Fourier transform of (HI 



Vw(*,k x )= ^ e ^ 2 x(l-x)^ (17) 

Ky/X(l — X) 

k 2 

In a second step the quark masses are introduced by extending the kinetic energy of massless quarks with Kq — x ^t x ) 
to the case of massive quarks: 

K ^K = K +m 2 12 , mf 2 = — + JH2- . (18) 

x 1 — x 

Note that the change proposed in (TT5|) is equivalent to the following change of the kinetic term in the Schrddinger 
EOM: 

d 2 d 2 2 

-de^-W + mi2 - (19) 
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Finally we obtain 

^^kL) = 4 ;f e ~2.Mi-*) _ 2«» . (20) 

/■cy x(l — cc) 

As was suggested in Q , the quark mass term in the exponential of Eq. (|20p can be absorbed in the longitudinal mode 
for massive quarks 



m 
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f(x,m u m 2 ) =Nf{x)e 2 K 2 , (21) 
where N is the normalization constant fixed from 



1 = J dxf z (x,mi,m 2 ) . (22) 


Hence, the meson LFWFs with massive quarks can be written down as a product of transverse longitudinal 
f(x,mi,m 2 ) and angular e lm ^ modes 

^ qi q 2 (x,C,m 1 ,m 2 ) = f(x,m 1 ,m 2 )e" n ' l 'y / x(l - x) , (23) 

where m = 0, ±1, ±2, • • • , ±L is the magnetic quantum number. One should stress that the way in which massive 
quarks are introduced is not unique. In particular, the dimensional parameter entering in the longitudinal mode 
f(x, mi, m 2 ) should not necessarily be identified with the parameter k characterizing the dilaton field. Later, in the 
analysis of the mass spectrum and the decay constants of heavy-light mesons, we will show that the dilaton parameter 
k should scale as 0(1) in the 1/tuq expansion, where ttiq is the heavy quark mass, while the dimensional parameter 

1/2 

in the longitudinal mode should scale as C(toq ). In the case of heavy quarkonia the dimensional parameter in the 
longitudinal mode should scale as O(mg). Hence, for the longitudinal mode we will use the functional form 

m? 2 



f{x ) m 1 ,m 2 ) = Nf(x)e 2A ?2 , (24) 

containing quark masses and an additional scale parameter A12. 

The meson mass spectrum in the case of massive quarks is given by Q: 

M 2 nJ = |dC$„ J (C)(-^- 1 1 ^ + K 4 C 2 + 2« 2 (J-l))$„./(C)+ / dx(^ + ^jf(x, mum2 ). (25) 



This means that for massive quarks the hadron masses are shifted due to the last term in the r.h.s. of Eq. (|25j) . One 
should stress that the potential in Eq. (|25[) is not complete. It includes confinement forces but does not include in 
its full context effects of chiral symmetry breakin g, w hich are important for consistency with the infrared structure 
of QCD (see e.g. the discussion in Refs. @, i, [HM HE [13, HI 11). Moreover, it does not contain the one-gluon 
exchange term, which is sufficient for the description of bottomia hadrons, and also hyperfine-splitting terms. As we 
stressed before, we intend to include chiral symmetry breaking in the formalism in a forthcoming work. 



C. One— gluon exchange and hyperfine— splitting contributions to the effective meson potential 

We will include the one-gluon exchange and hyperfine-splitting terms phenomenologically by extending the effective 
potential U — > U + Uc + Ubf, where Uc and C/hf are the contributions of the color Coulomb and hyperfine (HF) 
splitting potentials. 

Note that, as it was stressed in (3^,113], the trajectories of bottomia states deviate from linearity. The reason is that, 
due to the one-gluon exchange term, there is an additional Coulomb-like interaction between quarks V(r) = — 4a s /3r, 
where a s is the strong coupling constant. Its contribution to the mass spectrum M 2 is negative and proportional to 
the quark mass squared [39l . |4CJ ■ Therefore, for light mesons and charmonia states this term can be neglected, while 
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this is not the case for the bottomia states. Extending the result of Refs. [39j, |40( to the general case of a meson 
containing constituent quarks with masses mi and 7712, we get the following expression for the shift of M 2 due to the 
color Coulomb potential: 

o 64a 2 TOi771o 

A ^ = - 9(n + L + ir (26) 

where a s is the QCD coupling, considered as a free parameter. The Coulomb potential, which should be included in 
the effective meson potential U(C), reads 

Uc(0 = ~, (27) 

where the coupling constant a is fixed as 

_ 64a>im 2 f f d( 2 \ " 


For the hyperfine-splitting potential J7hf (C) one can use an effective operator containing a free parameter v (softening 
the original S- functional form of the HF-potential) having dimension M 3 [see details in Refs. [4lL |42|]: 

^hf(C) = — J; v i ( 29 ) 

where <j\ and (T2 are the spin operators of the quarks; ^,12 = 2m\m2 / '(mi + ma). Projecting the operator <j\ <T2 
between meson states with S = 0, 1 gives 



Ps = (M s \(t 1 <t 2 \Ms) = I ' . (30) 




Therefore, the mass shift due to the hyperfine-splitting potential is 

. , , 9 32na s 8s v 
9 M12 

Finally, the master formula for meson masses including confinement, color Coulomb and hyperfine-splitting effects 
reads: 



1 

„t2 , 2/ L + J\ f , / m? mo 



2 \ ,2/ \ 64a2 TOlTO2 32?ra s 

V i,mi,m 2 — + — . 32) 

9(n + L + l)^ 9 /Z12 



There are two comments that should be made with respect to further modifications of the potential U. First, as 
suggested in Ref. [35[ the dilaton scale parameter can be different for distinct types of mesons - light and heavy ones. 
In particular, we observe that the use of a larger value of k for heavy mesons helps to improve the description of 
the mass spectrum and the leptonic decay constants. Second, in Ref. [36j it was suggested to add a constant term 
c 2 to the effective potential which is independent on the parameter k and controls the masses of the ground states. 
In our formalism such a constant term in the effective potential can be e.g. generated by an additional shift of the 
"dressed" mass term /j. 2 j(z) — > fJ, 2 j(z) + c 2 z 2 /R 2 , which leads to the following modification of the mass spectrum: 
M 2 j — > M 2 j + c 2 . Although both of these modifications can improve the description of meson properties, their 
appearance in the AdS action is not well justified. Therefore, in the present manuscript we do not consider these 
options and postpone them for future study. 

III. PROPERTIES OF LIGHT AND HEAVY MESONS 

A. Mass spectrum of light mesons 

In the numerical analysis we restrict ourselves to the isospin limit m u — — m. We fix the free parameters 
(constituent quark masses, k, A12, a s and v) from a fit to the mass spectrum and the decay constants of light and 
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heavy mesons. Note that we use a unified value for the dilaton parameter k for all meson states as dictated by the 
AdS action. 

The parameters are fixed to the following values. For the constituent quark masses we have: 

m = 420 MeV , m s = 570 MeV , m c = 1.6 GeV , m b = 4.8 GeV . (33) 

The unified value of the dilaton parameter is fixed as k = 550 MeV for all mesons. The hyperfine-splitting parameter 
has the value v — 10~ 4 GeV 3 . The strong coupling a s = as{n\ 2 ) depends on the quark flavor and is consistently 
calculated using the parametrization of a s with "freezing" [43] : 



12tt 

(33 - 2N f ) ln- 



= -7-TTf ( 34 ) 

A 2 



where Nf is the number of flavors, A is the QCD scale parameter and Mb is the background mass. Choosing 
A = 420 MeV, Mb — 854 MeV and using the fixed constituent quark masses from Eq. (|33|) we obtain the following 
set of parameters a s : 

a s (/4)=0.79, a s (n 2 qs ) = 0.77 , a s (£ s ) = 0.78 , a s (^ 2 qc ) = 0.68 , a.(/4)=0.67, 

a.O&) = 0.64, a s (fi 2 sb ) = 0M, a s (fi 2 cc ) = 0.52 , a s (^ 6 ) = 0.42 , = 0.33, (35) 

where q = u,d. The dimensional parameters A12 in the longitudinal wave functions are fitted as: 

X qq = 0.63 GeV , X us = 1.2 GeV , A ss = 1.68 GeV , X qc = 2.5 GeV , A sc = 3.0 GeV , 

X qb = 3.89 GeV , X sb = 4.18 GeV , X cc = 4.04 GeV , X cb = 4.82 GeV , X bb = 6.77 GeV . (36) 

Here we also already indicate the values used for the heavy-light and heavy mesons. For the probabilities of the ground 
state pion and kaon we use the following values: = 0.6 and Pk — 0.8, while for other mesons the probabilities are 
supposed to be equal to 1. 

The predictions of our approach for the light meson spectrum according to the n 2S+1 Lj classification are given in 
Table I. For the scalar mesons /q we present results for two limiting cases: with nonstrange flavor content fo[nn] — 
(uu + dd)/y/2 and with a strange one fo[ss] = ss. 



B. Mass spectrum of heavy-light mesons 

Before we apply our approach to the properties of heavy mesons we would like to check if our LFWFs are consistent 
with model-independent constraints imposed e.g. by heavy quark symmetry, when the heavy quark mass goes to 
infinity vtlq — > 00. 

The mass spectrum of heavy-light mesons is given by the formula 



1 2 2 



A/r2 a 2( , L + J \ , f (m z q tuq \ 2 Maim q m Q 32^q s S v 



The longitudinal mode for heavy-light mesons is of the form 



n\2 

f(x,m q ,m Q ) = Nf(x)e ZA iQ , (38) 

1 /2 

where X q Q is the dimensional parameter which scales as Oyrrig ). In the following, for convenience, we express X q Q 
as ^qQ = m q m Q/ r i where r is a parameter of order 0(1). The scaling of the parameter k ~ 0(1) is fixed by the 
scaling law of the leptonic constants of heavy-light mesons in the heavy quark limit (see discussion in Sec. 1111 Dp . 
This behavior of k is also consistent with the mass spectroscopy of heavy-light mesons constrained by heavy quark 
effective theory (HQET) (44|. In particular, the 1/mg expansion of their masses should be 

M q Q = niQ + A + 0(l/m Q ) , (39) 
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where the scale parameter A is of order 0(1), and the mass splitting of vector and pseudoscalar states AM ? q = 
M^q - should be of order l/m Q : 

2 ( , 6Ana s B s v\ 1 
AM„q = — r , B- k 2 + . (40) 

The mass splitting AM q q gets contributions from two sources — confinement and the hyperfine-splitting potential. 
Both contributions are of order 0(1) in the heavy quark mass expansion. In Appendix IB"! we evaluate the r.h.s. of 
Eq. (|37|) and give an expression for the scale parameter A. 

Numerical values for the charm and bottom heavy-light mesons with different spin-parity are given in Table II 
according to the n 2S+1 Lj classification. The four columns with the results correspond to the variation of L = 0, 1, 2, 3. 
Data for the ground states are given in the brackets. 

C. Mass spectrum of heavy quarkonia 

For the mass spectrum of heavy quarkonia (Q1Q2) we present our results in Tables III. Again it is interesting to 
consider the limit of heavy quark masses. Here we follow the idea suggested in [f|, and express the longitudinal 
momentum fractions through the ^-component of the internal momentum k = (kj_, k z ) as (see also (45J): 

x = £i±fc i) 1 _ x = ^±. i (41) 
ei + 62 e\ + C2 



where e; = \/niQ. + k 2 and k 2 = k^ + k 2 . When considering the heavy quark limit toqj, ?72q 2 3> kx, k z we get 



lQl+kz +0(l/m 2 Q ), l-x= mQ \ -fe +0(l/m%). (42) 



mQ 1 + niQ 2 v m Ql + m Q2 



Hence, we have 



l-x 



(m Ql +mg 2 ) 2 +0(l). (43) 



Therefore, the leading term of the integral containing the longitudinal mode is simply given by (mQ 1 + itiq 2 ) 2 which 
is the leading contribution to the mass squared of the heavy quarkonia. This means that we correctly reproduce an 
expansion of the heavy quarkonia mass in the heavy quark limit: 

M QiQ2 = m Qi +m Q . 2 +E + 0(l/m Ql2 ) , (44) 

where E is the binding energy. Numerical values for the quarkonia masses are shown in Table III, according to the 
n 2S+1 Lj classification. 

A graphical summary of our results is given in Figs. 1-6 where we display the calculated meson mass spectra for light 
(Figs.l and 2), heavy-light (Figs. 3 and 4) and heavy quarkonia (Figs. 5 and 6). Because of the inclusion of the color 
Coulomb potential the lines are bent down for low values of L or n and therefore deviate from the linear behavior of 
Regge-trajectories. We indicate the available data (central values by black circles and sizable error bars by vertical 
lines). Here we find that the calculated mass spectra are in agreement with predictions of other holographic models 
(see e.g. Refs. [3,[lE[13)- The improvement of the present approach is that a consistent description of light, heavy- 
light and double-heavy mesons is achieved within the same holographic model. For comparison, in the literature so 
far different types of mesons have been considered separately. As already mentioned, we use a universal value for the 
dilaton parameter k. However, adapted values of k for different types of mesons leads of course to a better fit to the 
data. 

D. Leptonic and radiative meson decay constants 

In the following we define further fundamental quantities of mesons, which are calculated in the present paper - 
decay constants of pseudoscalar (fp) 

(0|g 2 (0) 7 V<Zi(0)|A/p(P)> - ^P i^ fp , (45) 
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and vector (fv) mesons 



|g 2 (0) 7 %(0)|My(P, A)) = e"(P, A) M y jy 



(46) 



The definitions of the meson Fock states are given in Appendix [Aj 

For convenience we determine the decay constants restricting to u, = 
mesons. In this case Eqs. (l4"5j) and (|4"o| are simply reduced to 

<0| g - 2 (0) 7 + 7 5 9i(0)|P)=P + /p, 
(0|ffij(0)7 + «i(0)|V(P, A = 0)> = P+fv ■ 

Finally, we get for the couplings of the ground state mesons: 

1 l 

f P = f v = 2a/6 J dx J ^^tfj qii}2 (x,kj_) f(x,mi,m 2 ) = \j ^ J dxtp qiq2 (x,b A 



and spin projection A = for the vector 



(47) 
(48) 



0) f(x,mi,m 2 ) 



V6 



dxy/ x(l — x) f(x, mi, mi) 



(49) 



In the case of massless quarks fp and fv are proportional to the dilaton scale parameter k: 

_Ky/6 
IP - Jv — ■ 



(50) 



In the heavy quark limit (tuq — > oo) the scaling of the leptonic decay constants of heavy-light mesons is in agreement 
with HQET: 



f HQL 
JP 



i-HQL 
JV 



V6 



m q 



J dze 2 
o 



Jdze- r < z +i'> 



1/2 



/m Q 



(51) 



Again, as in the case of the mass spectrum of heavy-light mesons, it is sufficient to propose the following scaling of 
dimensional parameters in our holographic approach: k ~ 0(1) and X q Q ~ 0(^/itiq). 

When dealing with vector mesons with hidden flavor one should also include the flavor factor cy 



c v 



' l/s/2, V = p° 
2/3, V = J/ip 
1/3, V = ^T 
^ 1/(3^2) ,V = u 

which arise from the flavor structure of the vector mesons 



(52) 



— -= (uu — dd) , 
v2 



— — (uu + dd) , 
v2 



and the structure of the corresponding electromagnetic quark currents 



= e u W)^u + edd'y^d 

= e q qj^q, withq — s,c,b. 



J/tp — cc, 



-bb 



(53) 



(54) 
(55) 



Our results for fp and fv are presented in Tables IV- VI. Note that with the universal value of the dilaton scale 
parameter k — 550 MeV the data for the coupling constants of the light mesons can be well reproduced. For heavy- 
light mesons we need a bit larger value for the parameter k, because the leptonic decay constants are proportional to 
k. For the description of the leptonic decay constants of heavy quarkonia states we need an even larger value for n. 
In particular, it should be roughly 2, 3 and 4 times larger for cc, cb and bb states, respectively, than the unified value 
of 550 MeV. 
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IV. CONCLUSIONS 



In conclusion, we present an analysis of the mass spectrum and decay properties of light, heavy-light mesons and 
heavy quarkonia in an holographic soft- wall model using conventional sign of the dilaton profile with 4>(z) = n 2 z 2 . In 
our calculations we consider in addition one-gluon exchange and hyperfine-splitting corrections phenomenologically 
by modifying the potential. We show that the obtained results for heavy-light mesons are consistent with constraints 
imposed by HQET. In future work we plan to improve the description of meson data and also to extend our formalism 
to baryons. 
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Appendix A: Light— front meson Fock states 



Here we define the Fock states of pseudoscalar (P), scalar (S), vector (V) and axial (A) mesons, restricting 
to the valence quark-antiquark contribution only. The corresponding mesonic eigenstates with momentum P = 
(P + , P~ , Pj_) are given by 



\M P ,s(P)) 



2P+ 



dx 



d 2 k A 



l^aOckx) < t (pi)^>2)-4>i)^> 2 ) |0) 



(Al) 



and 



\M VjA (P,X)) = 



2P+ 
V2N~c 



dx 



d 2 k ± 
16tt 3 



lp qi q 2 (x,\tj_) 



d%(xP)b%({l-x)P)\0)V2, A = +l 

dl^xP)bll((l-x)P)+dll(xP)b%((l-x)P)\0), A = (A2) 
dll(xP)bl a Ml-x)P)\0)V2, A = -l 



with 



(pi) = (xP+, xP ± + k ± ) , (pa) - ((1 - x)P+, (1 - x)Px - k x ) • 



Here a is the color index and N c = 3 is the number of colors. In the expansion (|A1[) of the meson state over the 
basis of noninteracting n-particles states we restrict to the two-quark valence state. Notice that above formulas can 
be extended easily to the case of mesons with more nontrivial flavor structure, e.g. including mixing of nonstrange 
and strange quark components. Also one can consider pure glueball states and their mixing with quarkonia. 
The operators b(d) obey the anticommutation relations: 



{b a (p),tf a '(p'} = {d a (p),d^'(p'} = {2nf8 aa '8{p+ -p' + )S^(p 
The states \Mjj(P)) and momentum LFWF are normalized according to 

(M P (P')\M P (P)) 



P'x). 



(M V (P',X')\M V (P,X)) 



2P+{2nf5{P + -P' + )S^ ) (Px -Pi) , 
2P+ (2n) 3 5(P + - P' + )S^ ( P± _ P' ± )8 XX , , 



and 



2 

/ dx J T6^"l^ 2 ' 3i ^' k - L ^ 2 = 1 



(A3) 

(A4) 
(A5) 

(A6) 
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The polarization vectors e M (-P, A) in the light-cone representation read as 



(A7) 

±1 

withe ± (±l) = T ^f 2 . 

Note that the normalization condition (|A6I) is approximately valid only for mesons, where the two-parton quark- 
antiquark component is dominant. As we stressed before (also see discussion in Ref. [3l|), this is not the case for the 
pion, where the probability of the valence quark-antiquark component is less than 1 [see also Eq. (|15p]. 



e"(P,A) 



M v ' M V P+ ' M v j ' 



n 2e^(±l)Pj_ 
u i pT : 



A = 



Appendix B: Evaluation of integrals in the heavy quark limit 



We evaluate the integral in the r.h.s. of Eq. (|37l) with 



Scaling the variable x = zm q /mQ and then performing an expansion in powers of I/ttiq: 



7dz(z + i)exp(-^(z + i)) 



where the parameter A 9 q scales as JffiQ. Such a scaling of k is consistent with the scaling of the leptonic coupling 
constants of heavy-light mesons (see Sec. 1111 Dl) . For convenience, we introduce the parameter r = m q mQ/ X^q. 
Finally, the expansion of the heavy-light meson mass reads 

M qQ = m Q + A + 0(l/m Q ) (B3) 

where 

A = m q I (B4) 

and 



/ dz(z + i) e-^+i) 
1 o ^ z ' 



■ (B5) 
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TABLE I: Masses of light mesons 
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TABLE II: Masses of heavy-light mesons 
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J p 
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TABLE III: Masses of heavy quarkonia cc, bb and cb 
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TABLE IV: Decay constants fp of pseudoscalar mesons in MeV 
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TABLE V: Decay constants fy of vector mesons with open flavor in MeV 
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TABLE VI: Decay constants fy of vector mesons with hidden flavor in MeV 
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FIG. 1: Mass spectrum of 7r, K, p and cj mesons in dependence on L. Central values of data are indicated by black circles. 
The numbers mark the corresponding family trajectories: 1 - 7r mesons; 2 - K mesons; 3 - p, w mesons. 
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FIG. 2: Mass spectrum of n, K, p and to mesons in dependence on n. Central values of data are indicated by black circles (for 
a few states error bars are included when they are sizeable). The numbers mark the corresponding family trajectories: 1 - 7r 
mesons; 2 - K mesons; 3 - p, u> mesons. 
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FIG. 3: Mass spectrum of charmed mesons in dependence on L. Central values of data are indicated by black circles. The 
numbers mark the corresponding family trajectories: 1 - D mesons; 2 - D* mesons; 3 - D 3 mesons; 4 - mesons. 
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FIG. 4: Mass spectrum of bottom mesons in dependence on L. Central values of data are indicated by black circles. The 
numbers mark the corresponding family trajectories: 1 - B mesons; 2 - B* mesons; 3 - B a mesons; 4 - Bl mesons. 
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FIG. 5: Mass spectrum of charmonium states. Central values of data are indicated by black circles. The numbers mark the 
corresponding family trajectories: 1 - ip mesons; 2 - r\ c mesons; 3 - r\da mesons; 4 - rj c i mesons; 5 - r\ C 2 mesons. 
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FIG. 6: Mass spectrum of bottomium states. Central values of data are indicated by black circles. The numbers mark the 
corresponding family trajectories: 1 - T mesons; 2-775 mesons; 3 - Xf>o mesons; 4 - \bi mesons; 5 - Xm mesons. 



